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Abstract—Sinuous antennas exhibit many desirable properties
for ground penetrating radar (GPR) applications such as ultra-
wide bandwidth, polarization diversity, and a low-profile form
factor. However, sinuous antennas are dispersive since the active
region moves with frequency along the structure. This is an
undesirable quality for pulsed-radar applications since the radi-
ated pulse will be distorted. Such distortion may be detrimental
to close-in sensing applications such as GPR. This distortion
may be compensated in processing with accurately simulated
or measured phase data. However, antenna performance may
deviate from that simulated or measured due to the dielectric
loading of the ground. In such cases, it may be desirable to
employ a dispersion model based on antenna design parameters
which may be optimized in-situ. Dispersion compensation models
previously investigated for other antennas may be similarly
applied to sinuous antennas. This paper explores the dispersive
properties of the sinuous antenna and presents a simple model
that may be used to compress dispersed pulses.
Index Terms—Antennas, broadband antennas, ground pene-
trating radar, radar antennas, sinuous antennas, dispersion.
I. INTRODUCTION
Ground penetrating radars (GPRs) often utilize ultra-wide
band (UWB) pulses to improve range resolution and thus target
discrimination [1]. Additionally, polarimetric radar techniques
[2] have been applied to GPR in order to increase the ac-
curacy of target classification [3]. The sinuous antenna, first
published in a patent by DuHamel in 1987, is an excellent
candidate for such systems. The patent describes the sinuous
antenna as a combination of spiral and log-periodic antenna
concepts which resulted in a design capable of producing
ultra-wideband radiation with polarization diversity [4]. Other
wideband antenna designs such as quad-ridge horn [5], Vivaldi
[6], and resistive-vee [7] antennas provide similar capabilities.
However, they require relatively large and often complex three
dimensional structures in order to produce orthogonal senses
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Fig. 1. Illustration of sinuous antenna design parameters: angular width α,
expansion ratio τ , outermost cell radius R1, and curve rotation angle δ.
of polarization. Alternatively, the sinuous antenna may be
implemented as a low-profile planar structure [4].
Although sinuous antennas provide the desirable properties
described above, they are dispersive since the active region
moves on the structure with frequency. Dispersive behavior
is well documented in other log-periodic antennas such as
planar spirals [8], conical spirals [9], log-periodic dipole [10],
[11] and planar toothed log-periodic antennas [12]. Dispersive
antennas are less desirable for pulsed-radar applications as the
radiated pulses become distorted in the time domain thereby
reducing resolution. Dispersed pulses may be compressed dur-
ing processing by applying phase corrections. Such corrections
may be obtained through accurate simulation or measurement
of the antenna [9]. Additionally, models based on the antenna
design parameters may be used to compensate the dispersion.
Such models may be desirable for GPR applications since they
can be adjusted in-situ to accommodate environmental effects
e.g., dielectric loading of the soil. However, for such models to
remain valid, care must be taken when making sinuous antenna
design decisions in order to avoid the excitation of unintended
resonant modes which may result in pulse distortion not
correctable with simple dispersion models [13], [14].
In this work, we seek to build an understanding of the
dispersive nature of sinuous antennas and develop a model
for its compensation. Thereby enabling GPR systems to obtain
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Fig. 2. Sinuous antenna having parameters: N = 4 arms, P = 20 cells,
RT = 10 cm, τ = 0.8547, α = 45◦, and δ = 22.5◦.
the benefits of sinuous antennas while utilizing them for UWB
pulse radiation.
II. SINUOUS ANTENNA DISPERSION
Sinuous antennas are comprised of N arms each made up
of P cells where the curve of the pth cell is described in polar
coordinates (r, φ) by
φ = (−1)p−1αp sin
(
pi ln(r/Rp)
ln(τp)
)
± δ, (1)
where Rp+1 ≤ r ≤ Rp [4]. In (1), Rp controls the outer
radius, τp the growth rate i.e., Rp+1 = τRp, and αp the
angular width of the pth cell. The curve is then rotated ±
the angle δ in order to fill out the arm as illustrated by Fig.
1. In this analysis, a four-arm (N = 4) sinuous antenna
is considered with τ , α, and δ constant for all cells which
produces a log-periodic structure [4], [15]. Additionally, δ
is set to 22.5◦ in order to produce a self-complementary
structure1. The self-complementary condition helps to ensure
that the sinuous antenna’s input impedance is both real and
frequency independent [16]. The antenna analyzed in this work
is fed by a self-complimentary arrangement of orthogonal
bow-tie elements each feeding a set of opposing sinuous arms
as illustrated in Fig. 2.
Radiation from a sinuous antenna, as described in [4],
occurs at active regions which are formed when the length
of a cell is approximately a multiple of λ/2. In this case,
the current at the start and end of a cell is in phase due
to the wrapping of the arm and λ/2 travel as illustrated in
Fig. 3. These active regions move inward and outward on the
1 A structure is considered self-complimentary when the metal and non-
metal sections are exact replicas offset by a rotation. For sinuous antennas
defined by (1), the self-complimentary condition is met when δ = 90◦/P .
The parameter α does not affect this condition as only δ controls the metal
to non-metal ratio.
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Fig. 3. Illustration of sinuous antenna active region as defined in the original
DuHamel patent.
antenna as the frequency increases and decreases respectively
resulting in a time delay between frequencies i.e., dispersion.
The dispersion increases with τ since larger values of τ result
in more cells i.e., longer travel times along the arms. This may
encourage GPR system designers to choose small values of τ ;
however, larger values of τ result in better pattern uniformity
[4], [17].
In order to investigate the dispersion, full-wave electro-
magnetic analysis was conducted using the CST Microwave
Studio [18] time-domain solver with hardware acceleration.
The sinuous antenna simulated was designed to operate from
800 MHz to 10 GHz using the following design parameters:
RT = 10 cm, Rin = 0.4 cm (bow-tie radius), τ = 0.8547,
α = 45◦, and δ = 22.5◦. Note that the outer truncation radius
RT (10 cm) is slightly smaller than R1 in order to prevent
the sharp ends produced by traditional truncation; these sharp
ends are known to resonate at lower frequencies resulting in
pattern distortion [19], [20]. The antenna was simulated in
free-space to simplify the analysis. Both pairs of opposing
sinuous arms were terminated by an ideal port set to the
theoretical impedance of 267 Ω [16]. A single pair was then
driven, with the other pair remaining matched, in order to
produce linearly-polarized radiation.
The simulated co-polarized radiated fields Exsim(r = rp, ω)
were probed at a distance of rp = 2 m on boresight and the
corresponding phase was then back-propagated to the antenna
by
Φdsim(ω) = arg [E
x
sim(rp, ω) exp(jkrp)] , (2)
leaving only the phase due to dispersion Φdsim. The phase is
then unwrapped (starting with the 10 GHz sample) and shown
in Fig. 4. The corresponding group delay
τgdsim(ω) = −
d
dω
Φdsim(ω), (3)
is shown in Fig. 5. As expected, lower frequencies exhibit
larger delay since the corresponding active region is farther
out on the antenna—where the antenna is larger. This effect
is more clearly seen in the time domain.
The time-domain radiated pulse Expulse(rp, t) for a given
excitation vpulse(t) can be computed from the frequency-
domain radiated fields by
Expulse(rp, t) = F−1
{
F [vpulse(t)] E
x
sim(rp, ω)
vsim(ω)
}
, (4)
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Fig. 4. Simulated and modeled phase of the radiation due to dispersion in
the sinuous antenna. Phase unwrapping starts at 10 GHz.
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Fig. 5. Simulated and modeled group delay of the radiation due to dispersion
in the sinuous antenna.
where vsim(f) is the frequency-domain excitation in the
simulation and F and F−1 are the Fourier and inverse
Fourier transform respectively. The pulse excitation used was
a Differentiated Gaussian which is defined by
vpulse(t) = −vpeak (t− µ)
σ
exp
[
0.5− (t− µ)
2
2σ2
]
, (5)
where µ represents an arbitrary time shift and the width
of the pulse is controlled by σ = 2.3548/ωBW . In the
presented analysis, the parameters were set to vpeak = 1 V
and ωBW /2pi = 6 GHz resulting in peak spectral energy at
2.5 GHz. The input pulse and the corresponding radiated pulse
(at rp = 2 m) is shown in Fig. 6. As expected from the group
delay shown in Fig. 5, the lower frequency content is delayed
in time from the higher frequency resulting in a distorted pulse.
It is important to note that this is only the radiated pulse; the
dispersive properties will double when the antenna is used for
both transmit and receive.
III. DISPERSION MODEL
Since the values of both α and τ remain constant for
each cell in the sinuous antenna analyzed, the antenna is
considered to be a log-periodic structure [4]. Thus, the radiated
fields at frequency ω will repeat, since the structure repeats
(scaled in size), at frequencies τnω where n is an integer
[15]. A dispersion model for log-periodic antennas has been
presented in the literature [10]–[12]. As will be demonstrated,
this model may also be successfully applied to log-periodic
sinuous antennas.
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Fig. 6. Input differentiated Gaussian voltage pulse (top), corresponding
dispersed radiated pulse at 2 m (middle), and the compressed radiated pulse
at 2 m after the dispersion model has been applied (bottom).
The model represents the phase due to dispersion as
Φdmod(ω) = −φ0 ln
ω
ω0
, (6)
where φ0 = −pi/ ln τ [11]. The value ω0 controls the zero
crossing of the phase model and is generally set to the highest
frequency of operation (where the dispersion is defined to
be zero); for this case, ω0/2pi = 10 GHz was used. Fig. 4
shows some discrepancy between the dispersion model and
the simulation results. An optimization procedure2, similar
to what was done in [12], may be employed to produce an
improved model Φdopt as shown in Fig. 4. The default and
optimized model parameters are compared in Table I. The
group delay can then be computed from the phase model
using (3) and is shown in Fig. 5. As can be seen, the model
fits the delay well with only a slight improvement obtained
from the curve fit optimization. However, the model degrades
at frequencies below 800 MHz where the sinuous antenna is
no longer radiating as intended. A similar model developed
for spiral antennas implemented a constant delay below the
antenna’s intended operating frequency [8]. Here, Φdopt has a
2The optimization was done using MATLAB’s global optimizer to find the
best values for φ0 and ω0 when fitting the simulated phase Φdsim starting
with the initial suggested values.
TABLE I
DISPERSION MODEL PARAMETERS
Model Parameters
φ0 (rad) ω0/2pi (GHz) τc (ns)
Default 20.01 10.0 N/A
Optimized 18.39 10.8 3.69
Antenna
x
z
2.5 cm
20 cm
Target
Fig. 7. Illustration of the GPR simulations: the sinuous antenna is scanned
over a sandy-soil half-space.
constant delay τc of 3.69 ns imposed for frequencies below
800 MHz.
The compressed radiated pulse Excomp(rp, t) was then com-
puted using the optimized dispersion models as
Excomp(rp, t) =
F−1
{
F [vpulse(t)]
Exsim(rp, ω) exp[−jΦdopt(ω)]
vsim(ω)
}
, (7)
and is shown in Fig. 6. For comparison, Fig. 6 also shows
the compressed pulse computed with the default dispersion
model. While not perfect, the correction causes the radiated
pulse to closely match the shape of the input voltage with the
optimized model giving the best result.
IV. GPR SIMULATIONS
The model was applied to a simulated GPR scenario where
the sinuous antenna was scanned over a sandy-soil half-space
as shown in Fig. 7. The model was simulated with the CST
time-domain solver using the built in dispersive model for
sandy soil. The radiated electric field was probed at a 20
cm depth and used to compute the returned signal from
an electrically small linear scatter via the reciprocity model
developed in [8]. The corresponding B-scans, both with and
without pulse compression, are displayed in Fig.8. Only the
default phase model with a fixed time delay was used to
compress the returned pulse. The phase model was applied
twice to the received voltage in order to compensate for
dispersion produced during both transmit and receive. As can
be seen, the model is able to successfully compress the pulse
thereby significantly increasing the GPR’s range resolution.
V. LIMITATIONS OF THE MODEL
The presented dispersion model is based on the assumption
of log-periodic antenna operation. When the actual radiation
from the antenna breaks this assumption the dispersion model
becomes invalid. This was evident with the low-frequency
dispersion discussed above. Another situation which reduces
Fig. 8. GPR simulation results: dispersed B-scan (top), and compressed B-
scan using the presented dispersion model (bottom).
the effectiveness of the dispersion model is radiation from the
bow-tie feed. A good rule is to keep Rin < λ/4, for the highest
frequency desired, to prevent bow-tie radiation. Reducing Rin
also results in small trace widths at the feed which may be
difficult to reliably manufacture. For this reason some have
proposed breaking the log-periodic nature of the sinuous by
letting τ vary with the radius [21], [22]. In this case, the model
would need to be updated since the antenna is now only quasi-
log-periodic [4].
Another potential pitfall is the unintended excitation of
resonant modes which produce sharp variations in antenna gain
over frequency [14]. This may occur if the sinuous antenna
design parameters and truncation method are not properly se-
lected [13]. The lower bound on the sinuous antenna operating
frequency ωL may be approximated as
ωL =
2piv
4R1(α+ δ)
, (8)
where v is the wave velocity and α and δ are specified in
radians [4]. Such a relationship may encourage GPR antenna
designers to choose larger values of α for lower operating fre-
quencies. However, large values of α have been shown to cause
log-periodic resonances. Further, the traditional truncation of
sinuous antennas produces a sharp end that becomes resonate
at low frequencies. These resonances reduce the ability of
dispersion models to accurately compress radiated pulses.
In order to illustrate this, a traditionally truncated sinuous
antenna with α = 65◦ (see Fig. 9) was simulated similarly
to the antenna discussed previously. The group delay and
corresponding dispersion model are shown in Fig. 10. Note
that the default model with a fixed delay of 4.7 ns at low
frequencies is used here since the sharp discontinuities prevent
the optimization from finding a better curve fit. The dispersion
Fig. 9. Traditional sinuous antenna having parameters: N = 4 arms, P = 20
cells, R1 = 10 cm, τ = 0.8547, α = 65◦, and δ = 22.5◦. This antenna
exhibits sharp discontinuities in the gain due to unintended resonate modes.
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Fig. 10. Simulated and modeled (default with fixed delay cap) group delay
of the radiation due to dispersion in the sinuous antenna with resonances.
model is used to compress the radiated pulse as shown in
Fig. 11. As can be seen, the dispersion model is not able
to compress the ringing due to the gain variations. Thus, the
sinuous antenna must be designed in order to mitigate such
ringing prior to the application of dispersion compensation
techniques.
VI. SUMMARY
Sinuous antennas embody many characteristics that are ad-
vantageous to GPR applications. However, they are dispersive
which reduces effectiveness when radiating UWB pulses. In
this work, a model was presented for the compensation of
dispersion in log-periodic sinuous antennas. The model is
based on antenna design parameters and can be optimized for
best fit. Such a model may have advantages over applying
simulated or measured phase since the model is simplistic
and can be adjusted in the field to accommodate antenna
performance changes due to the environment. Additionally,
care must be taken when designing the sinuous antenna in
order to ensure the applicability of such dispersion models.
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Fig. 11. Dispersed radiated pulse at 2 m (top), and the compressed radiated
pulse at 2 m after the dispersion model has been applied (bottom). Note, the
dispersion model does not compensated for the late-time ringing due to the
gain variations.
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